The ab initio calculations approach was used to determine the mechanism of interaction between propene and a sulfenyl halide. The second-order Møller-Plesset corrections for the electron correlation energy were applied to calculate the most probable Gibbs Free Energy profiles for the selected reaction. All optimized structures were confirmed by vibrational frequency analysis and intrinsic reaction coordinate calculations. Two possible reaction pathways were proposed and evaluated to conclusively characterize the reaction. The reaction proceeds via formation of a cyclic episulfonium intermediate, stereoselective ring opening of the episulfonium intermediate by the chloride anion, and isomerization of the adduct of the kinetically controlled reaction into the thermodynamically favorable product.
Introduction
Electrophilic additions of sulfenyl halides to alkenes have been extensively studied since 1960 [1 -15] . However, many aspects of their mechanisms have not been fully disclosed.
It is known that the reaction exhibits high regioselectivity and stereoselectivity [4 -15] . The reaction progresses through two steps. The first step -formation of a cyclic episulfonium intermediate ion ( Fig. 1) starts with the electrophilic addition of the sulfenyl halide's sulfur atom to the π bond of the alkene. The formation of the episulfonium intermediate is known to be the rate-determining step for this reaction [4 -15] , followed by the nucleophilic trans attack of the halide or the hydroxide on one of the carbon atoms of the episulfonium intermediate. At low temperatures, this reaction is under kinetic control. The reaction occurs in a stereospecific anti manner, with the nucleophilic halide attacking the more substituted carbon atom, unless this carbon atom is substituted with extremely bulky groups. Most frequently the first step is reversible, so the second step determines the stereochemistry of products. The constitution of the final product depends on the nature of the substituents as well as on the reaction temperature.
The attempts to determine the most likely mechanism for electrophilic additions of sulfenyl halides 0932-0776 / 11 / 0800-0850 $ 06.00 c 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com on the basis of frontier molecular orbital interactions [16 -22] have shown that the final anti-addition products are obtained by the S N 2 mechanism, where the nucleophile attacks the ring carbon atoms of the episulfonium intermediate from the opposite side of the leaving group. However, the mechanism of formation of the episulfonium ions is not fully understood, and the presence of an addition complex is a matter of discussion.
Description of Methods
Quantum chemical calculations were carried out by means of the ab initio Hartree-Fock method using the GAMESS program [23] to study the mechanism of the reaction. We used the MP2 theory to include correlation energy corrections, inasmuch as previous reports have shown that the density functional theory for calculation of transition states is not always adequate or reliable [24 -27] . The relevant reaction stationary points were fully optimized using the MP2/6-31+G(d,f) level of theory calculations. We made an attempt to choose a basis set which well describes reactions with heavy atoms from the third row such as S and Cl. These atoms are essential for the reactivity of the reaction under discussion [28] . So by analogy to the computational study presented in [28] we used the 6-31+G(d,f) basis set instead of the standard 6-31+G(d,p) one.
The energy E of a molecule according to the adiabatic Born-Oppenheimer approximation consists of the electronic energy E elec and the vibrational energy E vib .
In order to have proper ground and transition state energies of the molecule, the electronic energies should be adjusted by vibrational zero point energies (E 0 ) for the initial molecules, products of reaction, intermediates, and transition states
where
is simply half of the summation over all the real vibrational frequencies ω i (or vibrational energies ε i = hω i , whereh is the Planck constant) expressed in energy units. [29] and by intrinsic reaction coordinate (IRC) analysis. Visualization of the obtained structures was performed with MOLEKEL and VIEW-MOL3D programs [30] . Mulliken charge distribution, bond order analysis and geometry parameters for calculated stationary points were analyzed along the reaction pathway using IRC calculation results. Thermodynamic properties were estimated under standard conditions -temperature T = 298.15 K and pressure p = 1 atm. Therefore, the translational and rotational degrees of freedom of the molecule also become important along with the vibrational degrees of freedom (Eq. 4). All of these are dependent on temperature.
Other quantities of interest are the enthalpy H (Eq. 5) and the Gibbs Free Energy G (Eq. 6) (S = entropy, R = universal gas constant).
Eq. 5 is presented for one mole of molecules using the ideal gas approximation. For estimation of the studied reaction not the absolute values of G and H are important, but their differences between the initial and final state (Eqs. 7 and 8).
The relative Gibbs Free Energies ∆G in kcal mol −1 of the structures presented in Table 1 and Fig. 2 are discussed throughout the text.
Results and Discussion
In the present study we selected the electrophilic addition reaction of methylsulfenyl chloride to propene as a model for the theoretical study (Fig. 2) . This model is the simplest possible and maintains all features of the real systems allowing a complete and efficient energy estimation to study all possible reaction routes and intermediates.
The experimental results [3 -6, 31, 32] point to the fact that this reaction proceeds under kinetic control with a high regioselectivity. The spectroscopic and kinetic investigation of the reaction suggests that electrophilic addition of methylsulfenyl chloride to propene proceeds via an episulfonium intermediate followed by a nucleophilic trans attack of the halide on the C(2) carbon atom of the episulfonium ring to give an unstable 2-chloro anti-Markovnikoff (aM) adduct of the kinetically controlled reaction [3 -6, 31, 32] . Upon heating the 2-chloro aM-adduct undergoes further rearrangement into a thermodynamically more stable 1-chloro Markovnikoff (M) product.
In this work we have investigated the reaction mechanism by analyzing the most probable reaction Gibbs Free Energy profiles computed at the MP2/6-31+G(d,f) level of theory. We evaluated reaction pathways proceeding under kinetic and thermodynamic control to conclusively characterize the reaction.
The progress of the methylsulfenyl chloride addition reaction to the π bond of propene can be described by three main steps: (a) the addition of methylsulfenyl chloride to the double π bond of methylethene up to the intermediate formation; (b) the regioselective episulfonium intermediate ring opening by the chloride anion, (c) the isomerization of the adduct of the kinetically controlled reaction into the thermodynamically favorable product.
A schematic sketch of the methylsulfenyl chloride addition reaction to propene is given in Fig. 2 . The relative Gibbs Free Energies of the calculated stationary points and the imaginary frequencies of the transition states are presented in Table 1 . The schematic Gibbs Free Energy profile for the pending reaction is presented in Fig. 3 . Optimized geometries of the reactants, transition states, intermediates and the final products are displayed in Figs. 4 -6. Intrinsic reaction coordinates (IRCs) were calculated to find the reactions' minimal energy profiles and to detail the reaction mechanism. The bond order and torsion angle changes of the reacting species are denoted in Table 2, the charge changes are presented in Table 3 .
These results allow us to analyze important geometrical and electronic changes on the most favorable reac- Table 2 . Bond orders and Cl-C(1)-C(2)-S torsion angles (ψ in deg) for the stationary points of the methylsulfenyl chloride addition reaction to propene (the numbers of C atoms and torsion angle displacement are shown in Fig. 4 ). Table 3 . Charges on selected atoms of the stationary points of the methylsulfenyl chloride addition reaction to propene (the numbering of the C atoms is shown in Fig. 4) . tion energy profile and to estimate the reaction mechanism. The first step (step 1) of the methylsulfenyl chloride addition reaction to propene starts with the interaction of the sulfur atom and the double π bond forming two bonds S-C(1) and S-C(2) (Figs. 2 -4) . Calculations of the reaction energy profile (Fig. 3) show that the first minimum is the episulfonium intermediate Int followed by the transition state TS-1. As seen from the reaction energy profile this step is the rate-limiting step with a Gibbs activation energy of 39.22 kcal mol −1 . A high activation barrier for TS-1 explains the kinetics of the episulfonium ion formation [3 -6, 31, 32] and supports the assumption that the episulfonium ion formation is irreversible and proceeds very slowly. Moreover, the episulfonium ring formation up to Int is an energetically favorable stage with an energy decrease of 45.65 kcal mol −1 .
Step 1 consists of simultaneous S-Cl bond cleavage and S-C(1) and S-C(2) bond formation to produce intermediate Int (Fig. 4) . Thereby the sulfur atom approaches perpendicularly the olefinic double bond through the concerted transition state TS-1. The S-C(1) and S-C(2) bond lengths shorten from 4.4Å (4.6Å), and the bond orders strengthen from (BO) 0.0 for R to 2.7 (2.8Å) and BO 0.2 for TS-1, until they reach the intermediate Int with the bonds length 1.9Å and BO 0.9. Simultaneously the distance between the chloride and sulfur atoms increases. The S-Cl bonds lengthen and weaken from 2.3Å (BO 0.8) for R to 2.7Å (BO 0.5) for TS-1 until they reach Int with 3.2 (BO 0.17). With this structural change the chlorine atom migrates towards the π bond. The migration of the chlorine atom was estimated by the Cl-C(1)-C(2)-S torsion angle (ψ) scan along the reaction coordinate (see Fig. 4 , Table 2 ). The significant changes in ψ from 29.0 • to 76.6 • occur in this step, which indicates that as the chlorine atom migrates towards the C(1)=C(2) bond, the interaction changes from π bonding to σ bonding character. As the reacting system reaches Int the distances between the Cl atom and S, C(1), C(2) atoms become close to the van der Waals interaction distance, and the reactive chlorine atom is facing perpendicularly the episulfonium ring plane. This stabilizes the system, forms the episulfonium cation and the chloride anion, and leads to a decrease in energy.
At step 1 the charge of the reacting species changes, and the negative charge is transferred to the chloride atom (from −0.13 to −0.54) with a simultaneous increase of the positive charge on the sulfur atom (from +0.08 up to +0.41) as the reaction proceeds from reactant R to transition state TS-1 (Table 3 ). The reaction progress from TS-1 to Int shows a further increase in negative charge on the chloride up to −0.86 and a reduction in electron density on the sulfur atom generating a positive charge that increases to +0.65. This charge transfer results in polarization, lengthening and weakening of the S-Cl bond up to the ionic level.
The regioselective ring opening of the episulfonium intermediate Int by a trans attack of the chloride anion is the dominating structural change at step 2 (Figs. 1 -6 ). Two regioisomeric pathways are possible in this step. They proceed via transition states TS-2-C(2) and TS-2-C(1). The pathway via TS-2-C(2) occurs when the chloride forms a bond with the C(2) carbon atom with simultaneous C(1)-S bond cleavage resulting in the formation of the anti-Markovnikoff (aM)-type 2-chloro derivative Pr-1. In the second pathway via TS-2-C(1) the chloride atom migrates towards the C(1) carbon atom resulting in the formation of the C(1)-Cl bond and the cleavage of the C(2)-S bond leading to a Markovnikoff (M)-type 1-chlorosubstituted derivative Pr-2. The chloride anion changes its position and migrates towards the ring carbons until it reaches a position opposite to the leaving S-CH 3 group. The torsion angle expands from 76.6 • for Int to 127.1 • for TS-2-C(1), and for TS-2-C(2) it becomes equal to 146.7 • . Further reaction progress from TS-2-C(2) to Pr-1 and from TS-2-C(1) to Pr-2 leads to an increase of the torsion angle Cl-C(1)-C(2)-S up to 180 • . Chloride forms a weak bond with C(2) and interacts repulsively with the C(1) atom when it migrates via the transition state TS-2-C(2). At this stage the C(2)-Cl distance shortens, and the bond strengthens from 3.4Å (BO 0.14) for Int to 3.0Å (BO 0.3) for TS-2-C(2), while the C(1)-Cl distance increases to 3.5Å with a negative BO value of −0.1 indicating repulsive interactions between C(1) and Cl. In contrast, the transition state TS-2-C(1) stabilizes the bonding interaction between the C(1) and Cl atoms at a distance of 3.0Å (BO 0.3) and the repulsive interaction between C(2) and Cl with a BO value of −0.1. The bond lengths and BOs of the S-C(1) and S-C(2) bonds at this step remain unchanged 1.9Å (BO 0.8).
This step has a low activation barrier. For the episulfonium ring opening reaction the Gibbs activation energies of TS-2-C(2) and TS-2-C(1) are 7.83 and 16.65 kcal mol −1 , respectively, starting from intermediate Int. Thus TS-2-C(2) is lower in energy than TS-2-C(1) by 8.82 kcal mol −1 . This energy difference appears to be due to a steric effect between the bulky Fig. 5 . Geometries, charges and bond lengths (inÅ) of the stationary points located for the step 2: the transition structures TS-2-C(1), TS-2-C(2).
methyl group and the chlorine atom [33] . As presented in Fig. 5 the angle Cl-C(1)-C(2) for TS-2-C(1) is equal to 81
• and is close to the opened Cl-C(1)-C(2) angle of 97 • for TS-2-C(2). It shows that the attack of the chlorine on the C(1) atom is more hindered due to the steric effect of the methyl group. Thus it may be conceived that at first the 2-chloro adduct Pr-1 is formed owning to its low activation energy. This result is in accordance with experiments [3 -6, 31, 32] which suggest that the primarily kinetically controlled reaction proceeds to the unstable 2-chloro adduct Pr-1.
Moreover, the calculated low activation barriers of step 2 are compatible with our earlier theoretical results [25, 26] . There it was pointed out that the chloride anion attack on either C(1) or C(2) carbon atoms of the thiiranium ion is to be taken as the frontier molecular orbitals controlled reaction. The regioselectivity features of the thiiranium ion ring-opening reaction by the chloride anion is governed by the small energy gap between the LUMO (lowest unoccupied molecular orbital) and LUMO+1 of the intermediate, as well as by the shape distribution of these LUMO's and the HOMO (highest occupied molecular orbital) of the approaching chloride anion [25, 26] . The results can be explained using the Leffler Hammond postulate [34 -36] , which states that the minor energy changes of the reacting species in a reaction PES correspond to the minor changes in the geometry and electronic structure of these species. So, the closeness in energy of the reaction intermediate Int and transition states TS-2-C(2) and TS-2-C(1) of the step 2 corresponds to the minor changes of their geometry Fig. 6 . Geometries, charges and bond lengths (inÅ) of the stationary points located for the step 3: the transition structure TS-3 and the products Pr-1, Pr-2.
and electronic structure. Therefore the influence of the electronic structure of the thiiranium intermediate Int reflects well the regioselectivity features of the reaction.
The charge transfer scan on the reaction coordinate shows that, as the reaction proceeds from TS-2-C(1) to product Pr-1 and from TS-2-C(2) to Pr-2, the electron density on the chloride anion is transferred to the sulfur atom. The positive charge on sulfur is reduced from +0.51 to +0.17 with a negative charge decrease on the chloride from −0.83 to −0.03.
As pictured in Fig. 3 and shown in Table 1 the final reaction product Pr-2 is by 28.1 kcal mol −1 less in energy than the initial adduct Pr-1. The energy difference between Pr-1 and Pr-2 represents the difference in thermodynamic stability of these isomers and suggests the possibility of a reaction pathway for the 2-chloro adduct Pr-1 of the kinetically controlled reaction to a more energetically favorable 1-chloro product Pr-2. The reaction energy profile for step 3 shows that the isomerization reaction goes via transition state TS-3 with an activation barrier of 22.4 kcal mol −1 to a more stable product Pr-2. The values for the reaction energy profile reveal the possibility of isomerization via transition state TS-3, which extends to the experimental observations. The experimental findings [3 -6, 31, 32] on the reaction kinetics show that the isomerization reaction proceeds via a transition state with the reaction rate constant value different from the rate constant value specific for the formation of the episulfonium ion. This suggests that the isomerization reaction is not reversed through the episulfonium intermediate.
At step 3 the angle ψ for transition state TS-3 and products Pr-1 and Pr-2 remains unchanged and is equal to 180 • , while the Cl-C(2) and Cl-C(1) bonds lengths increase from 1.9 to 2.9Å during the isomerization process.
A negative charge transfer to the chloride atom from −0.03 to −0.76 simultaneously causes a positive charge distribution on the sulfur atom from +0.17 up to +0.55 while the reaction proceeds from Pr-1 to TS-3. A further charge transfer occuring as the reaction progresses to Pr-2 is opposite. A high negative charge on the chloride anion is transferred to the sulfur atom thereby reducing the positive charge on the sulfur atom from +0.55 to +0.15 with a decrease in negative charge on the chloride to −0.05.
Thus, our computational results support the experimental kinetic and spectroscopic studies [3 -6, 31 -32] . They confirm that the ring closure step is the rate-limiting step for the addition reaction leading to the formation of the episulfonium cation as the reaction intermediate. The episulfonium intermediate ring formation step has the highest energy barrier. The regioselective episulfonium intermediate ring opening reaction further proceeds on two possible regioisomeric pathways. Our calculations show that the intermediate ring-opening process proceeds firstly by the chloride anion attack to C(2) carbon via TS-2-C(2), forming an unstable 2-chloro addition adduct Pr-1 of the kinetically controlled reaction. Finally the isomerization reaction of the adduct Pr-1 proceeds via transition state TS-3 to form a thermodynamically stable product Pr-2. 
